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WIND-TUNNEL TESTS OF A SWEPT— BLADE PROPELLER AND 
RELATED STRAIGHT BLADES HAVING THICKNESS 
RATIOS OF 5 and 6 PERCENT 
By W. H. Gray 


SUMMARY 


The aerodynamic characteristics of three sets of hlades were 
investigated over as wide a range of operating conditions as possitle. 

One set of hlades, conventional in design, was conq)ared with a second 
set, which differed principally in that the hlades embodied sweep, and 
with a nonswept set having thinner hlade sections. The test conditions 
did not duplicate the hlade design conditions although the acttiai- thrust 
loadings were veiy nearly those for the design condition of the conventional 
straight hlades hut not for the swepthack hlades. 

The swepthack hlades were in general inferior to the straight hlades; 
however, the test Mach numbers were insufficiently high to encompass the 
speeds for which sweephack is believed to he beneficial. The envelope 
efficiency of the straight thin hlades was as much as 2.5 percent higher 
than for the other sets of hlades and the effect of rotational speed on 
the thin blades was negligible. 


INTRODUCTION 

The design of propeller hlades for high-speed, especially transonic- 
speed, operation is hampered by a lack of adequate airfoil— section data. 
Likewise, the testing of such hlades, including those with sweephack, is 
hampered by lack of suitable facilities for testing at the necessarily 
high speeds which duplication of design conditions requires. Wind-tunnel 
tests reported previously have Indicated varying amounts of benefit from 
sweep, hut none of these tests approached actual full-scale flight 
conditions. References 1 and 2, for instance, employed hlades of s m a ll 

scale, approximately 3^ feet and 1 foot in diameter, respectively. The 

teats of reference 3 employed a 10-foot-dlameter propeller, hut only the 
immediate tip sections of the blades were swept hack. 

Flight tests of several full-scale three— hlade propellers embodying 
both swepthack and related conventional hlades of Curtiss design have 
been conducted by Curtiss Propeller Division, Curtiss-Wrlght Corporation. 
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No conclusive evidence was obtained in these flight tests to establish 
any definite proof of superiority for the sweptback blades. 

The flight testa were followed by a wind-tunnel program at the 
Langley l6— foot high-speed tunnel employing the identical blades in 
a two— blade version. Two propellers, approximately I 3 feet in diameter, 
whose blades differed in that one pair employed sweep, were compared 
with a third pair of the same diameter also with straight blades but 
differing in section thickness and section design lift 'coefficients 
from the first straight-blade propeller. Neither the design conditions 
nor the flight-test conditions could be duplicated in the wind tunnel. 

It was hoped, however, that for the possible test conditions definite 
aerodynamic trends could be established. In addition, the actual blade 
loading was to be measured by means of a propeller-wake survey rake. 


APPARATUS 


Dynamometer.- The tests described in the present paper were con- 
ducted in the Langley 16 — foot high-speed tunnel using the 2000— horsepower- 
propeller dynamometer in a modified configuration. No spinner was used 
to cover the hub and blade shanks for these teats. The resulting arrange- 
ment, therefore, was similar to that used in reference 3 . Figure 1 shows 
a general view of the test setup with the sweptback blades installed. 

Propeller blades .— Three sets of blades, each embodying 16 — series 
sections, were tested in two— blade configurations. The geometric 
characteristics of these three Curtiss Propeller Company designs are 
shown in figure 2. Throughout this report each set of blades will be 
identified by Eoman numerals. The sweptback blades, Curtiss design 109494, 
designated set I, which are fully described in reference 4, have essentially 
the same section thickness ratios, width ratios, and design lift coef- 
ficients perpendicular to the blade center line as the straight-blade 
Curtiss design 109390, hereinafter referred to as set II. The blades of 
set II were designed for a high-speed flight condition of the XP— 4TM air- 
plane, whereas tliose of set I were designed for a high-speed dive condition 
of the P4TD — 30 airplane. This airplane was equipped with an E— 28 OO — 59 engine 
having a 0.5 gear ratio. The itemized dive conditions are 600 miles per hour 
at 2100 brake horsepower, 2550 engine rpm, and 23,000— foot altitude. The 
amount of sweep incorporated in this blade is shown in figure 3 . A certain 
amount of sweepforward is Incorporated on the inner blade sections to balance 
the bending moments Incurred by the sweepback of the outer blade sections. 
Sweep angles exceed 30° only outboard of the 90— percent— radius station 
and are only 45° at the tip. As mentioned in reference 4 the sweepback 
distribution was purely arbitrary and was a compromise required by the con- 
siderations of the effect of sweepback on aerodynamic improvements, blade 
stress, twisting moment, and bending moments. Somewhat leas twist has been 
incorporated in the blades of set I for sections less than 50 percent radius 
and somewhat more twist at greater radii than has been incorporated in the 
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"blades of set II. This twist differs "because not only were the design con- 
ditions of the two "blades slightly different, "but also the pitch distri"bu— 
tion of the swept"back "blades is affected hy the incorporation of sweep and 
the necessary allowances for the differences in sectional velocities from 
those of unswept "blades. 

The thin straight "blades, Curtiss design 109498, designated as set HI, 
have considerably thinner "blade sections throughout. The sections are 
5 percent thick or less from the 50 — percent— radius station out"board as 
compared with a"bout 7 percent for the "blades of sets I and II. The design 
lift coefficient for this set has "been reduced as well. The TtiaTrlrmiTn 
design lift coefficient is 0.4l compared with O. 5 I for the other two sets 
of "blades. 


SYMBOIS 


The symbols and definitions used in the present paper are as follows: 


b 

°^d 

Cp 

Ciji 

Ct' 

D 

h 

J 

M 

n 

P 

T 

V 


blade chord, feet 
design section lift coefficient 
power coefficient (p/pn3D5) 
thrust coefficient ^T/pn^D^ orJ^Cij^' di 
blade— section thrust coefficient 
propeller diameter (approx. I 3 ft) 
blade— section mnylmum thickness, feet 
advance ratio (V/nD) 
free— stream Mach number 


helicalH;ip Mach number ( M |/l + J 
propeller rotational speed, rps 

power absorbed by propeller, foot-pounds per second 

propeller thrust, pounds 

free— stream airspeed, feet per second 

fraction of propeller— tip radius 
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P 

T1 

P 


tlade angle, degrees 

blade angle at the U2— inch radius, degrees 
efficiency 

mass density of air, sli:igs per cubic foot 


TESTS ANT METHODS 


Scope.— The three sets of blades were tested over as great a range 
as possible within the power and speed limitations of the dynamometer 
and the wind tunnel. All tests were made at constant propeller speed 
for three rotational speeds: 96O, 1350 , and 15OO rpm. All blade angles 

were set at the 42 — inch radius and the tests at each rotational speed 
were made in 5° increments through as wide a reinge of blade angles as 
possible. A summary of the tests is made in table I. 

Effects of diameter.— The sweptback blades, set I, changed diameter 
with blade angle — decreasing blade angle resulted in Increasing diameter. 
The change in diameter for the blade-angle range of these tests was only 
0.07 feet, or 0.5 percent. This characteristic was accoimted for in the 
evaluation of the data throughout the tests by the use of the actual 
diameter at each blade angle. 

Correction for funnel interference .- All velocity data are for 

equivalent free-stream airspeed. The large ratio of propeller-disk 
area to tunnel-d;hroat area necessitated relatively large correction to 
the velocity, but it was assumed that Glauert's method of correction 
from tunnel datum to equivalent free— stream velocity was still valid. 

The blade tips were operating well outside the boundary layer which has 
been found to be 8 inches thick at the propeller plane. 

Evaluation of tares .— As mentioned previously, no spinner was used 
to cover the hub and blade shanks for these tests and, therefore, careful 
evaluation of the tare drag was necessitated. Figure 4 shows a close-up 
of the hub tare setup. For the blade angles and rotational speeds employed 
it was evident that the bracelets used to clamp the blade shanks in the hub 
adapters acted sufficiently like small though inefficient airfoils to cause 
appreciable changes in the tare thrust or drag. Separate tares were 
required for each blade angle. The changes in torque caused by the action 
of these bracelets was inconsistent and negligible. 

By proper evaluation of the tares, "propeller” efficiency rather than 
"propulsive" efficiency was derived from the data. Eeduction of the force 
data to this form was necessary in order to compare the force data with 
survey— rake data which naturally are "propeller" data. Actually the 
results will differ from propeller results, because the drag of hub barrels 
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containing atut "blade ends (fig. U) has heen assumed to he the same as for 
huh barrels containing blades. This assumption is not strictly true, hut 
it was believed to he sufficiently accurate for the present teats. 

Survey rate.— The propeller-wate survey rate used in these tests was 
installed in a vertical position with the tube orifices l6 inches down- 
stream of the propeller-hub center line. There were 12 total tubes and 
4 static tubes located within the propeller slipstream and 1 total tube 
and 1 static tube were outside the propeller slipstream. The total heads 
also incorporated yaw tubes which were intended for determination of 
torque data. It was found that the characteristics of these yaw heads 
in the oscillating flow behind the propeller were not sufficiently good 
to give satisfactory results, especially at the higher test Mach numbers. 
Therefore, only results of the thrust distribution as obtained from the 
total heads are presented in this paper. The values of propeller thrust 
coefficient are obtained in the usual manner by integration of the plots 
of section thrust coefficient against radial tube location. 

EESTJLTS 


General aerodynamic characteristics — force data .— Thrust coefficient, 
power coefficient, and efficiency comprise the aerodynamic-characteristic 
curves presented in figures 5 to I 3 . (Any figures desired may readily be 
selected by reference to table I.) 

The envelopes of the efficiency curves are compared in figure l4 
for each propeller at the three rotational speeds. Figure l4 shows 
that the sweptback propeller, set I, was most affected by increased 
rotational speed and the thin— blade propeller, set III, was least affected. 
The equivalent tip Mach number for each rotational speed and advance ratio 
may be determined from figure 15 • An average diameter for the blades of 
set I was used in the preparation of this figure but the error thus intro- 
duced is well within the accuracy for determination of wind-tunnel Mach 
number. The TnaTlrmnn tip Mach number for which envelope comparisons may be 
made is exactly 1.0. Figure I 6 repeats the curves for figure l4 by 
directly comparing the three sets of blades at each of the three rotational 
speeds. In general, the sweptback blades, set I, have the poorest efficien- 
cies and the thinner blades, set HI, the best efficiencies. The maximum 
(^.Ifference between any of the three envelope efficiencies is about 2~ percent. 
This latter difference occurs even at I 5 OO rpm at a value of J correspond- 
ing to the tip Mach number of 1.0. 

These results are as inconclusive in regards to the benefits of sweep- 
back as were the Curtiss flight tests, reference 5. In general, the trends 
indicated in the flight tests have been repeated in the wind-tunnel tests 
although the actual flight-test conditions could not be duplicated. The 
general conclusions that may be drawn from these results are that the test 
Mach numbers were insufficiently high to include the speed range for which 
sweepback is believed to be of benefit, and that other factors, such as 


6 


NACA EM No. L8H19 


propeller operation away from the design conditions and too large hlade 
thickness, may have affected the results. There is no question, however, 
that the effect of thin sections, as has teen demonstrated many times 
previously, is beneficial. 

Genereil aerodynamic characteristics — survey data .— The integrated 
values of thrust coefficient obtained from the rate total— head tubes are 
compared with faired force data in figures 6(b), 9(i)), and 12(b). The 
agreement may be considered very good. As mentioned above, the agreement 
for the integrated torque data was not as good and, because of discrepancies 
at higher Mach numbers, the data have not been presented. 

Plots of section thrust coefficient obtained from the survey rake 
and force— data power coefficient are presented in figures 17 to 19 for 
1350 rpm only. From these plots comparisons of thrust loading curves may 
be plotted for identical conditions for all three propellers within the 
limited range of the tests. This has been done for two particular cases 
in figure 20. Figure 20(a) coii5)are8 the thr>ee propellers for a "climb" 
condition, J =0.9 and Op = 0.06, which represents the lowest values 
of J and Op for which comparisons may be made from these test data, 
and figure 20(b) compares the propellers for a "cruising" condition, 

J =1.2 and Cp = O.O7, which represents the largest values of J 
and Cp for which comparisons may be made from these data. The tip Mach 
numbers for the two conditions were O.85 and O.87, respectively. There 
is little difference in thrust distribution between the blades of seta II 
and III, but the sweptback blades, set I, appear to be more lightly loaded 
from X = 0.55 to 0.95 aud more highly loaded towards the tip. The latter 
condition should have benefited the sweptback blades had the test conditions 
been at a sufficiently high Mach number. The actual design conditions of 
the sweptback blades result in a value of tip Mach number of I.203, J = 3- 19, 
and Cp = 0.285. 

The Integrated values of the section thrust distribution shown in 
figure 20(b) should bear the same qualitative relation to each other as was 
shown by the envelope curves of figure I6 at the same value of J. Figure 16 
indicates that at J = 1.2 the blades of set III have the highest efficiency 
and the blades of set I the lowest. In figure 20(b) the blades of set I have 
the lowest integrated value of C^, or efficiency, the other two blades 
have essentially the same values of C^i. The discrepancy may be ascribed to 
the necessary fairing of both the elemental thrust coefficients and force 
power coefficients in figures I7 to 19, from which the thrust distributions 
of figure 20 were derived. 

The test conditions were so far from actual flight and design conditions 
that the resiilts have been compared with the design condition for the blades 
of sets I and II in figure 21. The calculated design thrust loadings are 
obtained from reference h. All curves have been adjusted so that the maxi- 
mum section thrusts are equal. Inspection of the curves affords a qualitative 
comparison of the radial section thrust distribution. The straight blades. 
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set II, were apparently operating close to the design thrust loading 
(fig. 21 (a)). The swepthack "blades, set I, were operating far from the 
design thrust loading condition (fig. 2l("b)). Although the curves have 
not "been adjusted to have the same integrated value of thrust, it is 
obvious that in the test condition the inner "blade sections were more 
heavily loaded and the tip sections were less heavily loaded than was the 
case for the design condition. Because the design loading was derived 
from a Betz loading condition and because the Immediate tip sections 
(x = 0.9 to tip) incorporated the main portion of the blade sweep, it is 
not surprising that the sweptback blade had inferior characteristics when 
compared with blades which were operating nearer to their design condi- 
tions. 


CONCL"DSIONS 


The following conclusions may be drawn for the particular blades 
tested within the limited range of speed and power of these tests which 
did not include the flight— test or design conditions: 

1. The sweptback blades were in general inferior to the straight 
blades; however, the test Mach numbers were insufficiently high to 
encompass the speeds for which sweepback is believed to be beneficial. 

2. The envelope efficiency of the straight thin blades was as much 
as 2.5 percent higher than for the other sets of blades and the effect 
of rotational speed on the thin blades was negligible. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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TABLE I 

SUMMARY OF TESTS 


Figure 

Blades 

Propeller 

speed 

(rpm) 

Blade angle 

, P, at 42— inch radius 
(deg) 


5 

Set I 

960 

20 

25 

30 

35 

40 

45 

50 

55 

60 

6 

Set I 

1350 


25 

30 

35 

40 

45 

50 

55 


7 

Set I 

1500 

20 

25 

30 

35 

40 

45 

50 



8 

Set n 

960 

20 

25 

30 

35 

40 

45 

50 

55 

60 

9 

Set H 

1350 

20 

25 

30 

35 

40 

V5 

50 



10 

Set n 

1500 

20 

25 

30 

35 

40 

45 




11 

Set HI 

960 

20 

25 

30 

35 

40 

45 

50 

55 

60 

12 

Set HI 

1350 

20 

25 

30 

35 

40 

45 

•50 



13 

Set HI 

1500 

20 

25 

30 

35 

40 

45 
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Figure 1.- Sweptback blades installed on dynamometer 


Blade thickness ratio, h/b 
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Figure 2 .- Blade-form curves for the propellers tested. 


Blade section design lift coefficient, Cj^ 
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Figure 3.- Sweepback angle used on blades of set I. 
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Figure 4.- Hub prepared for tare tests. 
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(a) Thrust coefficient. 

Figure 5.- Characteristics of set I at 960 rpm. 
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Power coefficient, Cp 
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(b) Power coefficient. 


Figure 5.- Continued. 


NA.CA RM Wo. L8HL9 



VO 


(c) Efficiency. 
Figure 5.- Concluded. 
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Thrust coefficient, Cy 
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(a) Thrust coefficient - force data. 

Figure 6.- Characteristics of set I at 1350 rpm. 
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Thrust coefficient, Cj 
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(b) Thrust coefficient - survey data. 
Figure 6.- Continued. 
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Power coefficient, Cp 
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(c) Power coefficient. 
Figure 6.- Continued. 
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(d) Efficiency. 
Figure 6.- Concluded. 
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Thrust coefficient-C 



(a) Thrust coefficient. 

Figure 7.- Characteristics of set I at 1500 rpm. 
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(b) Power coefficient. 
Figure 7.- Continued. 
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Advance ratio, J 


(c ) Efficiency. 
Figure 7.- Concluded. 
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Thrust coefficient, Ct 



Advance ratio, J 
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(a) Thrust coefficient. 

Figure 8.- Characteristics of set II at 960 rpm. 
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Power coefficient, Cp 
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Figure 8.- Continued. 
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(c ) Efficiency. 
Figure 8.- Concluded. 
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(a) Thrust coefficient - force data. 

Figure 9.- Characteristics of set II at 1350 rpm. 
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Thrust coefficient, Ct 



UJ 


(b) Thrust coefficient - survey data. 
Figure 9.- Continued. 
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Power coefficient, Cp 



(c) Power coefficient. 
Figure 9.- Continued. 
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Figure 9.- Concluded. 
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Thrust coefficient, Cj 
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Advance ratio, J 


(a) Thrust coefficient. 

Figure 10.- Characteristics of set II at 1500 rpm. 
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Power coefficient, Cp 



(b) Power coefficient. 
Figure 10.- Continued. 
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Advance ratio, J 


(c ) Efficiency. 
Figure 10.- Concluded. 
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Thrust coefficient, Cj 
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Advance ratio, J 
(a) Thrust coefficient. 

Figure 11.- Characteristics of set in at 960 rpm. 
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(b) Power coefficient. 
Figure 11.- Continued. 
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(c) Efficiency. 
Figure 11.- .Concluded. 
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Thrust coefficient, Gj 
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(a) Thrust coefficient - force data. 


Figure 12.- Characteristics of set III at 1350 rpm. 
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(b) Thrust coefficient - survey data. 
Figure 12.-. Continued. 
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Advance ratio, J 


(c) Power coefficient. 
Figure 12.- Continued. 
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Efficiency, 
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Advance ratio, J 


(d) Efficiency. 
Figure 12.- Concluded. 
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Thrust coefficient, Cj 





(a) Thrust coefficient. 

Figure 13.- Characteristics of set III at 1500 rpm. 
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(b) Power coefficient. 
Figure 13.- Continued. 
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(c) Efficiency. 
Figure 13.- Concluded. 
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Figure 14.- Effect of rotational speed on envelope efficiencies. 
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Figure 15.- Average variation of air-stream Mach number and helical -tip Mach number with advance ratio. 
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Figure 16.- Effect of blade design on envelope efficiencies. 
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Figure 17.- Section thrust of set I from propeller surveys. 1350 rpm. 
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Figure 17.- Continued 
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Figure 17.- Continued 
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Figure 17.- Concluded 
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Figure 18.- Section thrust of set II from propeller surveys. 1350 rpm 
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Figure 18.- Continued 
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Figure 18.- Continued 


NACA EM Wo. L8H19 


57 



0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 


Advance ratio, J 


Figure 18.- Concluded 
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Fi^re 19.- Section thrust of set III frona propeller surveys. 1350 rpm 
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Figure 19.- Continued 
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Figure 19.- Continued 
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Figure 19.- Concluded 
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0 .1 .2 .3 .4 .5 .6 .7 .8 ,9 1.0 

(a) Cp=.06, J= 0.9. ^ 



Figure 20.- Thrust -loading curves. 1350 rpm. 
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Figure 21.- Comparison of actual with design thrust -loading curves. 




